Liquid water, at ambient conditions, has short-range density correlations which are well known in literature. Surprisingly, large scale molecular dynamics simulations reveal an unusually longdistance correlation in 'longitudinal' part of dipole-dipole orientational correlations. It is nonvanishing even at 75Å and falls-off exponentially with a correlation length of about 24Å beyond solvation region. Numerical evidence suggests that the long range nature of dipole-dipole correlation is due to underlying fluctuating network of hydrogen-bonds in the liquid phase. This correlation is shown to give a shape dependant attraction between two hydrophobic surfaces at large distances of separation and the range of this attractive force is in agreement with experiments.
Water molecule with its hydrogens and lone pairs in tetrahedral arrangement makes hydrogen-bonds with its neighbouring molecules. In the liquid phase the hydrogen-bond pattern undergoes rapid fluctuations at pico-second time scales [1, 2, 3, 4] , thus resulting in large orientational entropy. It is well known that this special property bestows liquid water with some unique properties, in particular the hydrophobic force of attraction between non-polar solutes. Clever experiments have been performed to measure quantitatively the distance properties of the hydrophobic force between mesoscopic surfaces [5] . Understanding these distance properties is necessary initial step to develop a proper theory for bulk liquid water. Here we make a preliminary attempt towards the same using molecular dynamics (MD) simulations and general principles of statistical mechanics.
A water molecule can be modelled as a set of five points corresponding to neutral oxygen O, two positively polarized hydrogens H 1 , H 2 and two negatively polarized lone-pair sites L 1 , L 2 placed at tetrahedral angles about the oxygen atom. The angles between OH 1,2 and OL 1,2 and the length of each of these vectors can fluctuate. Such a molecule's orientations can be conveniently described with a choice of vectors defined as :
where 'r' is the position of oxygen atom in the bulk. The choice of e 1 (r) and e 2 (r) is such that they do not depend upon bond lengths of the molecule; they are symmetric with respect to hydrogens and lone-pairs of the molecule.ê 1 (r),ê 2 (r) andê 3 ≡ê 1 ×ê 2 are the corresponding orthonormal vectors. Hereê 1 (r) is dominantly the direction of dipole field andê 2 (r) exists only if the water molecule differs from its mean (near-tetrahedral) geometry i.e. it is proportional to the quadrupole moment of the molecule.
Theê-vectors [Eq. (1)] form a complete triad with which orientation of any vector ( OH or OL ) can be specified. Consequently dynamics of water can be understood to be an interacting system of theê-vector fields. In particular MD simulation of water molecules implicitly gives us the dynamics of these fields. There upon various statistical correlations involvingê 1 (r),ê 2 (r) and ρ(r) ≡ (ê 1 (r)) 2 = (ê 2 (r)) 2 in the liquid phase of water can be formulated as follows :
where r = ( r 1 − r 2 ), r = | r|; subscripts a, b = 1, 2 (denote either ofê 1 ,ê 2 ) and vector indices i, j = 1, 2, 3 (denote directions in three dimensional space).
The translational and rotational symmetry of the system enables decomposing the ten- TIP5P model possesses all orientational degrees of freedom of a water molecule and has improved accuracy in predicting the structural properties of water at ambient conditions.
The simulations of TIP5P water system are performed with GROMACS (version 3.3.1)
package [6] with an integration time step of 2 fs. The fast-moving bonds O − H are constrained using LINCS algorithm. A large system consisting of 110592 molecules in a 150
A box is equilibrated for 2 ns in constant pressure (isotropic and 1 atm) and temperature (300 K) NP T ensemble followed by a production run of 2 ns in a constant volume NV T ensemble. The configurations are saved every 100 ps for analysis. A cut-off distance of 12Å and a pair-list distance of 15Å are used to compute all non-bonded interactions and periodic boundary conditions are imposed. Full electrostatic interactions are computed with Particle Mesh Ewald (PME) method with a tolerance of 10 −6 and updated every two time steps [7, 8] .
Density correlation g(r) of TIP5P displays all the well-known solvation peaks; in addition, due to large system size and hence better statistics, few more prominent peaks are observed at about r = 8.8Å and r = 10.8Å [9] . The orientations of (dipolar) fieldê 1 are analyzed by the correlations < e 1 i (0)e 1 j (r) > [Eq. (2)] where i, j refer to components ofê 1 vector. This is conveniently decomposed into two parts : transverse trace part t 11 (r) =<ê 1 (0) ·ê 1 (r) > which measures the dipoles' alignment with respect to each other and thus solely contributes to Kirkwood dielectric function [10, 11, 12] ; and longitudinal traceless part l 11 (r) =<ê 1 (0) · rê 1 (r) ·r > which is a measure of alignment of the vectors with respect to radial vector separating them.
The transverse correlation function t 11 (r) shows oscillatory solvation structure, but van- (1)] (in compliance with the rotational symmetry in the full system).
The function l 11 (r) is seen to be always positive and furthermore, in the 14 − 75Å regime it can be fitted to Ornstein-Zernike (OZ) form as [9] l 11 (r) = 0.39(2) e −r/5.2(1)
l 11 (r) shows longest correlation length of 24Å. Furthermore it exhibits solvation peaks upto 14Å [ Fig. (2) ]. In our simulation data upto 75Å the statistical sampling errors dramatically reduce as we go to large distances (as expected) [9] .
The dipole-oxygen correlation d 1 (r) =<ê 1 (0) ·rρ(r) > also exhibits solvation structure and vanishes beyond 14Å. It is also found that correlations involvingê 2 ,ê 3 all vanish upto statistical errors beyond the first solvation peak [9] . Thereforeê 2 , the quadrupole moment of water, fluctuates locally and randomly without any non-local correlations.
TIP3P model [13] , by design, hasê 1 degree of freedom only i.e. each water molecule's orientation can be completely described byê 1 field alone. The simulations on TIP3P water system are performed using NAMD (version 2.6) [14] . Here, 33105 water molecules are simulated in a cubical box of size 100Å and the procedures employed for collecting equilibriated configurations are same as those described in case of TIP5P. The constrained model is implemented using SETTLE algorithm. Analysis in this case too shows that t 11 (r) vanishes beyond solvation region, whereas l 11 (r) follows the same asymptotic behaviour as described by Eq. (3).
A water molecule in liquid phase is predominantly influenced by hydrogen-bonding (shortrange interaction) and further, it has a net dipole moment, which interacts through longrange Coloumbic forces. We would like to ascertain if the long distance behaviour of l 11 (r) is due to the short-range hydrogen-bond interactions or the long-range Coloumbic interactions [15, 16] . To test this possibility, the Coulombic interactions are smoothly truncated at 12Å in TIP3P model, thus retaining an effective short-range interaction alone which imitates the effect of hydrogen-bonding. We find that l 11 (r) remains essentially unchanged in the regions of first few solvation shells and r > 30Å. The intermediate region exhibits over-structuring effects upto 30Å [17, 18] .
The above three cases are in agreement with Eq. (3) asymptotically. These observations suggest that (i) water in liquid phase has fluctuations only in dipole degree of freedom; in contrast the quadrupole has no effect beyond the first solvation peak, (ii) these dipole fluc- Hydrophobic effect : The first notable mechanism postulated to describe the origin of hydrophobic force came from solvation studies of Frank and Evans in the name of "iceberg" model [20] and later, the same effect has been elucidated by Kauzmann on its possible biological implications [21] . This phenomenon, in its various manifestations, has been extensively discussed in recent literature [22, 23, 24, 25] . Experimentally the force of attraction between two nominally hydrophobic macroscopic surfaces has been measured and it was found that in the range 10Å to 100Å the force falls-off exponentially with a correlation length of 12
A [26] . Later there have been several such studies using Surface Force Apparatus (SFA) with surfaces prepared and characterized using wide range of techniques [5, 27] . Yet there were very few theoretical developments (Lum et al [28] and ref's therein, [29, 30] ) to explain qualitatively different force profiles observed in experiments. We address here monotonic nature of the force as observed in several experiments [5, 26, 27] .
Hydrophobic surfaces cannot form hydrogen-bonds with the surrounding water, consequently water molecules rearrange themselves such that they form a sheet of hydrogen-bond network on the surface. Their interactions are such that the directions of lone pairs and hydrogen atoms are perpendicular to the surface normal of the hydrophobe. Owing to the approximate tetrahedral conformation, water molecules cannot have a unique configuration satisfying the above criterion [31] . Consequently they explore other possible orientations as well by fluctuating at the pico-second time scales [32, 33] . These network fluctuations contribute significantly to the free energy of solvation of the hydrophobe. In presence of two such hydrophobes, as noted earlier, the range of the force acting between them is large and due to limited computational resources it is not possible to directly simulate and observe this effect numerically. Alternatively a quantitative theoretical estimate is being considered below.
Interaction between hydrophobic surface and solvent water can be written in terms of n(r), the local unit normal vector to the hardcore van der Waals surface of the hydrophobe andê 1 (r ′ ), the dipole of water molecule near the surface, where r ′ = r + δr; δr is typical length of hydrogen arm of water molecule (about 1Å). A simple local interaction term can be taken as (n(r) ·ê 1 (r ′ )) 2 implying that the water dipoles orient orthogonal to the surface normal as seen in simulations [34, 35, 36] (importantly, no linear term inn ·ê 1 , for that means a preferential orientation of the water dipole inward/outward to the surface).
The change in free energy due to purely hydrophobic interaction between two small surfaces S 1 and S 2 [ Fig. (3) ] in water can be estimated by,
where γ is a measure of strength of interaction between hydrophobic solute and water which can depend upon temperature, density and other parameters defining the thermodynamic system. The brackets < ... > refer to statistical averaging with respect to pure water system and integration is over area of each surface. As illustrated in Fig. (3) , S 1 , S 2 refer to two arbitrary hydrophobic surfaces and R is a vector along minimum distance of separation between them.
When the distance R (= | R|) is large compared to radius of curvature of each surface and the surface areas sufficiently small, the statistical averaging can be done by cumulant expansion. The leading term of the force F (R) = −∂∆G/∂R is given by the following equation [9] ,
where A 1 , A 2 are areas of the surfaces and the matrices E(R), Σ S are given by,
For a segment of spherical surface (such as a hardcore van der Waals surface) subtending a cone angle θ at its centre and
The above result on hydrophobic force is true very generally. As discussed in earlier paragraphs, the leading order (n·ê 1 ) 2 is taken to be the interaction energy term for simplicity. 
